Microdialysis (MD) is a sampling technique that can be employed to monitor biological events both in vivo and in vitro. When it is coupled to an analytical system, microdialysis can provide near realtime information on the time-dependent concentration changes of analytes in the extracellular space or other aqueous environments. Online systems for the analysis of microdialysis samples enable fast, selective and sensitive analysis while preserving the temporal information. Analytical methods employed for online analysis include liquid chromatography (LC), capillary (CE) and microchip electrophoresis and flow-through biosensor devices. This review article provides an overview of microdialysis sampling and online analysis systems with emphasis on in vivo analysis. Factors that affect the frequency of analysis and, hence, the temporal resolution of these systems are also discussed.
Introduction
There are very few tools that can be used to continuously monitor biological events with high temporal resolution. Micro-dialysis is a powerful sampling technique that makes it possible to continuously monitor the concentrations of biological molecules and other substances both in vivo and in vitro. Although the primary applications of microdialysis sampling have been in the area of neuroscience research [1] , it has also been extensively employed for other pharmaceutical applications. These include the investigation of the transdermal delivery of drugs [2] , tissue pharmacokinetics [3] , and regional metabolism of drugs in tissues [4, 5] .
Microdialysis probes have been placed in virtually every tissue and organ in the body including the liver [6, 7] , heart [8, 9] , skin [4, 10] , blood [11, 12] , placenta [13] , stomach [14, 15] , and ear [16] . Fig. 1 shows the microdialysis sampling process. These probes act in a manner similar to a blood vessel, allowing substances to be removed or delivered to a specific site through diffusion with no net fluid loss. The probe containing a dialysis membrane with a specific molecular weight cutoff is implanted in the physiological region of interest. It is then perfused with a fluid that is similar in ionic strength and composition to the extracellular fluid being sampled. Small molecules in the extracellular fluid that are not present in the perfusate diffuse across the membrane based on their concentration gradient and are then transported to the analysis system. Likewise, compounds in the perfusate that are not present in the extracellular fluid can be delivered directly to the physiological site of interest. Therefore, it is possible both to deliver and recover compounds from a single tissue site. This feature can be very useful for looking at site-specific release of neurotransmitters, observing regional metabolism of neuropeptides [17, 18] , or comparing the metabolism of antineoplastic agents in tumor vs. healthy tissue [19] .
Over the past decade, a considerable amount of research has been conducted on the development of online analytical systems capable of analyzing microdialysis samples. The direct coupling of the analytical system to the microdialysis sampling system allows continuous near real-time monitoring of biological and other processes in vivo and in vitro.
Online methods usually provide better temporal resolution and precision than offline analyses. This review addresses some recent advances in the development of hyphenated systems incorporating microdialysis with microanalytical systems with particular emphasis on microchip-based devices. Fig. 2 shows some typical microdialysis probe configurations. A concentric cannula design ( Fig. 2A ) is normally employed for neurochemical studies. These probes are composed of stainless steel and are implanted into the specific brain region of interest using a guide cannula. A typical probe used for rat brain studies is 15 mm long with a diameter between 200 and 500 μm. The dialysis membrane is located at the end of the concentric cannula and is usually from 1 to 4 mm in length. Probes are also available for brain sampling in mice. The mouse probes employ shorter shafts (7-12 mm) and have outer diameters between 220 and 380 µm.
Microdialysis probes
For sampling soft tissue, a linear probe can be employed (Fig. 2B ). These probes consist of a microdialysis membrane (4-10 mm) placed between two pieces of flexible tubing. Soft tissue is more homogeneous than brain tissue and, therefore, spatial resolution is not as important. Thus, the surface area of these probes is generally larger than that of the brain probe. Examples of the use of this type of probe include sampling of liver, muscle, heart and skin.
For blood sampling, a flexible probe has been developed (Fig. 2C ). This type of probe was first described by Telting-Diaz et al. [20] . Its design is similar to that of the brain probe and consists of two pieces of fused silica tubing attached to the dialysis membrane. The flexible probe can bend when the animal moves, minimizing any damage to blood vessels. In general, analyte recoveries are higher from blood than from the stagnant interstitial fluid [21] .
A shunt probe has also been developed for sampling from moving fluids in vivo or in vitro (Fig. 2D ) [22] . This probe has been used to sample bile in awake, freely moving animals. For these experiments, the bile duct is cannulated and bile is sampled by a second dialysis membrane filled with fluid of similar ionic composition running in the opposite direction. This probe has also found use for desalting protein samples prior to introduction into a mass spectrometer [23] .
Most microdialysis probes have molecular weight cutoffs between 20,000 and 60,000 Da. Recoveries decrease dramatically for most compounds of about 10,000 Da molecular weight. In cases of extremely fast sampling, diffusion across the dialysis membrane can be the limiting factor for temporal resolution [24] . To circumvent these problems and make it possible to sample larger molecules as well as obtain higher recoveries of small molecules, Shippy's group has developed a low-flow, push-pull perfusion device [25] . The push-pull perfusion probe consists of a 27-G stainless steel cannula that is perfused with saline. A fused silica capillary acts as the inner cannula and is used to withdraw fluid from the extracellular space; the fluid is then transferred to the analysis system. Flow rates using this method are from 10 to 50 nLmin −1 and analyte recovery is 100%.
Microdialysis sampling
Microdialysis has several advantages for sampling biological tissues and fluids, especially when combined with separation-based analytical methods. The resulting samples are most commonly composed of an aqueous salt solution that contains only small molecular weight analytes. Cells and macromolecules are excluded by the dialysis probe so centrifugation or protein precipitation steps are not required prior to analysis. In addition, because sampling is based on diffusion of substances across the dialysis membrane, no fluid is removed. Therefore, it is possible to continuously monitor substances in the extracellular fluid of the brain and other tissues for several months [26, 27] . The animal can also serve as its own control. This latter advantage is particularly important for tissue distribution studies where the normal protocol is to sacrifice several animals at each time point to obtain enough data to make statistically valid conclusions.
Another significant advantage of microdialysis is that studies can be performed in awake, freely moving animals. This is especially important in studies that correlate brain drug concentration and/or neurotransmitters with behavior. Because of the small size and relatively noninvasive nature of the microdialysis probes, it is also possible to put multiple probes in a single animal. It is therefore possible to measure blood, brain, and tissue concentrations of drugs or endogenous substances simultaneously. If the animal is awake, these measurements can be correlated temporally with behavior.
A very nice example of the use of multiple probes in a single animal is shown in Fig. 3 [28] . In this experiment, the rat was given an i.v. injection of methylphenidate (Ritalin). Brain and blood sampling was accomplished using a concentric cannula probe and flexible probe, respectively. Dialysates were collected offline, and the con-centrations of methylphenidate and dopamine in both the brain and blood were determined using liquid chromatography with electrochemical detection. In this manner, it was possible to measure the transport of Ritalin across the blood-brain barrier as well as its effect on catecholamine release. Lastly, by using a "RatTurn," the extracellular concentration of these substances could be directly correlated with the overall activity level of the rat.
For long-term microdialysis studies, careful consideration should be made regarding the tissue damage associated with probe implantation. Fibrosis or gliosis can occur after several days of probe implantation [29] . Grabb et al. compared the effects of acute (2-4 h) and chronic (24 h) implantation of microdialysis probes. They reported the occurrence of inflammation, hemorrhage, and edema surrounding the microdialysis probe following 24 h of implantation; they also observed the development of fibrin-like polymer around the probe (gliosis). The extracellular edema increases the diffusional distance between the probe and the extracellular fluid, and this fibrin-like polymer can create a physical barrier between the dialysis probe and the extracellular fluid surrounding the cells [30] . Both of these factors can adversely affect recovery of the probe. In a separate study based on local cerebral blood flow (LCBF) and local cerebral glucose metabolism (LCGM), Benveniste et al. recommended a 24-h period of recovery after probe implantation [31] .
The integrity of the BBB following probe implantation is also a factor for discussion. Studies conducted using autoradiography with 14 C-AIB (which does not cross the BBB under normal conditions) as well as transport characteristics of hydrophilic and moderately lipophilic drugs (following IV injection) postsurgery indicate that the BBB integrity is maintained overall [32, 33] . However, other studies using Cr 51 -EDTA transport have shown a significant effect of probe implantation on BBB permeability [34] .
"Offline" vs. "online" sampling
The analysis of microdialysis samples can be divided into two general categories, i.e., offline and online analyses, the former of which is the most common. For offline analysis, a specified volume of sample (usually 1-20 µL) is collected in vials or tubes for later analysis. The temporal resolution that can be obtained in these experiments is usually determined by the microdialysis flow rate, analyte recovery, and the sensitivity of the analytical method. At the typical microdialysis flow rate of 1 µLmin −1 , most offline experiments have temporal resolutions from 5 to 10 min. An exception to this is if the analyte concentration is very high. Then smaller volume samples can be collected and diluted prior to analysis. However, in general, sample volumes of less than 1 µL become very difficult to manipulate offline due to problems with surface tension and evaporation.
Online sample analysis offers several potential advantages over offline analysis. In an online system, the sample collection, manipulation, injection, and analysis steps are all integrated on a planar device in a continuous, streamlined fashion. Therefore, problems related to handling submicroliter volumes of sample (sample loss, mislabeling, evaporation, and surface tension) as well as sample degradation that can occur with sample exposure to air (e.g., ascorbic acid and catecholamines) can be avoided [35, 36] . Also, such systems are usually capable of manipulating and analyzing submicroliter sample volumes, which allow high temporal resolution analysis to be performed. Such studies can yield continuous near real-time data, which provide immediate feedback on the biological process under investigation. When microdialysis sampling is directly coupled to a separation and detection method, it yields a separation-based sensor that can be used to monitor several analytes simultaneously in near real-time.
General considerations
When developing an online assay based on microdialysis sampling, several parameters must be taken into consideration. These parameters include:
i. Perfusion flow rate.
ii. Volume of sample available for analysis.
iii. Concentration range of analyte in the sample. vi. Frequency of analysis required to draw valid conclusions (temporal resolution desired).
2.2.1.
Perfusion flow rate and sample volume for analysis-Analyte recovery in microdialysis is defined by the overall mass transport of the analyte across the probe. It can be expressed as the ratio of concentration of the analyte in the dialysate to that present in the extracellular space or sampling solution. The amount of analyte that diffuses into the probe is a function of the concentration gradient that is produced across the dialysis membrane. This concentration gradient is established and maintained by continuously infusing the probe with fresh perfusate (e.g., aCSF in brain probes). The analytes of interest pass through the probe and is transported to the outlet end for collection or analysis. Higher recoveries (more concentrated samples) are obtained when probes are perfused at lower flow rates because this allows more time for the analyte to diffuse from the extracellular fluid across the membrane into the perfusate. Typical microdialysis perfusate flow rates are between 0.5 and 2.0 µL min− 1 . Recoveries for small molecules are usually between 10% and 40% at these flow rates. If a flow rate of 100nLmin −1 is employed, the relative recovery approaches 100% [37] . However, use of these very low flow rates places a substantial burden on the analytical method. The method must be able to analyze submicroliter samples if one minute temporal resolution is desired as well as provide the requisite sensitivity to detect the analyte at this mass. As seen from Fig. 4 , the absolute recovery (mass of substance recovered in a particular period of time) increases with higher flow rates. Therefore, with systems that require relatively large sample volumes (e.g., HPLC), it is better to sample at higher flow rates. This will lead to higher absolute recoveries as well as allow more frequent injections of sample.
The major applications of microdialysis are to measure the in vivo concentration of endogenous (neurotransmitters, peptides) or exogenous (therapeutic drugs) compounds. Therefore, analyte recovery is an important consideration in microdialysis experiments. It is generally assumed that R m ≫R e , which implies that recovery information obtained for a probe in vitro can be applied to in vivo experiments. However, the caveat attached to such an assumption is the fact that the diffusion of the analyte from distant extracellular space to the area around the probe can be slow and is dependent on the diffusion coefficient of the analyte(s) in the extracellular matrix. For large peptide neuromodulators, such sluggish diffusion can affect the recovery. In particular, peptides can also undergo metabolism and other kinetic processes in the brain before reaching the probe membrane. Other considerations include determining the effects of loss of tissue integrity due to surgery and changes in blood flow and immunological reactions following insertion of the probe.
For many in vivo applications, enough information can be obtained by monitoring the percent change of analyte with respect to the basal experiment concentration. In these experiments, the untreated animal acts as its own control. These are usually performed to demonstrate proof-of-concept rapid changes in analytes after some intervention in which the outcome is known a priori (such as a change due to the stimulation of a neurochemical pathway) [21] . During such experiments, it is generally assumed that that the probe is performing consistently throughout the duration of the experiment. However, careful consideration needs to be given to this assumption during the course of the experiment. For example, a tissue reaction could be triggered during perfusion that could lead to altered analyte concentrations and erroneous conclusions. Monitoring changes in endogenous compounds is an excellent application for online experiments that can make measurements with high temporal resolution on a single awake animal where the animal can serve as its own control.
Several additional factors need to be taken into consideration if more accurate in vivo concentration is warranted (such as pharmacokinetic studies). Some of those factors include the probe membrane type and its size, location of sampling probe, and flow rate. In addition, for an accurate assessment of in vivo concentration, the probe must be calibrated. There are several methods that have been reported for probe calibration with the "no-net flux" as the most popular method [38, 39] . In this method, a known concentration of analyte is added to the perfusate. The concentration is usually varied over a range that is both higher and lower than the expected extracellular concentration of the exogenous or endogenous compound. The concentration of the analyte in the dialysate is measured and considered to be at the "no net flux" condition when there is no exchange of analyte between extracellular space and perfusate. This point is considered to be the extracellular fluid concentration. The major drawback of this method is the long time required to reach steady-state conditions, usually from several hours to a day. Hence, for online systems, this method of probe calibration may not be practical due to the tediousness of this process.
An easier method of probe calibration is called "retrodialysis" or "reverse dialysis" and is particularly applicable for in vivo experiments. The underlying assumption of this method is that diffusion across the probe membrane is quantitatively equal in both directions. This method uses an internal standard whose physical, biological, and pharmacokinetic properties closely resemble the compound under scrutiny. Such a compound is added at a known concentration to the perfusate, and its rate of disappearance is calculated from the equation, Calibration should ideally be done before an experiment when there is no analyte present in the tissue; this is to maintain the membrane concentration gradient during the experiment. Also, a thorough perfusion of probe with physiological solution should be performed to remove the drug delivered to the tissue during retro-dialysis [29, 40] . Other in vivo recovery estimation methods include "variation of perfusion flow rate method" and "delivery method" [40] .
Temporal resolution-
Temporal resolution can be defined as the smallest increment of time over which the change in a dynamic process can be observed. For neurochemical experiments, microdialysis is usually coupled online to an instrument with the goal of analyzing samples with high temporal resolution. Many neurochemical events, such as neurotransmitter release, occur at a time scale of seconds or less. This results in very fast and transient changes in the concentration of substances in the extracellular fluid. Therefore, the primary objective in such experiments is to analyze samples as frequently as possible in order to detect these fast changes; otherwise, the concentration change could be missed due to dilution and averaging of the signal in the sample.
In the choice of an analytical method, the first question that needs to be addressed is whether the device or the method is sensitive enough to actually detect the quantity of analyte(s) present in the small volume of sample generated by very fast sampling. If a probe is perfused at 1 µLmin− 1 and the perfusate contains an analyte at micromolar concentrations, then the analytical system must have sufficient mass sensitivity to detect 1 pmol of analyte if 1 min temporal resolution is desired. If the analytical method is capable of detecting only 10 pmol or higher, this means that a much larger sample (10 µL) must be collected in order to measure the analyte of interest. This limits the temporal resolution to 10 min at a flow rate of 1 µLmin −1 .
In many cases with online systems, the temporal resolution of the technique is defined by the analysis time. If the analysis time is longer than the duration of the event being measured, then the change will appear digital and appear in the next injection. On the other hand, in those cases where the analysis step is much faster than the event being measured, it is possible to detect the change in concentration as a function of time. In this case, the rise time is defined as the time required during for the signal to increase from 10% to 90% of maximum intensity [41] . For very fast analyses, the rise time becomes dependent on the rate of diffusion of analyte across the probe membrane. However, in most cases, it is the dead volume in the system, injection method, and the flow rate of the dialysate that determine how fast a concentration change can be measured with an online system.
As mentioned in the previous section, higher analyte recovery can be achieved by using very slow flow rates. At flow rates of 100nLmin− 1 , analyte recoveries of 100% have been reported [37] . However, the increase in concentration of the analyte in the perfusate is offset by the extremely small sample volumes that are generated per unit time. In this case, an analytical method that is both sensitive and capable of analyzing submicroliter sample volumes is necessary if 1 min temporal resolution is to be obtained. This is one of the driving forces for the use of capillary and microchip electrophoresis for the analysis of microdialysis samples.
For most online separation-based microdialysis systems (described later in this review), analysis is performed on analytes such as amino acid neurotransmitters whose in vivo concentrations are relatively high and well within the detection limits of laser induced fluorescence (LIF) or other methods of detection. In such cases, the factor that dictates temporal resolution is the time that is required to separate the compounds so that serial analyses can be performed without overlapping the analysis peaks from two different runs. In other words, the difference in injection time between run 1 and run 2 should ideally be the separation time for run 1 so that as soon as run 1 ends, run 2 begins and this cycle can be repeated to get uninterrupted in vivo data. If the analysis time can be made very short (a few seconds), such a mechanism leads to high temporal resolution.
As discussed in the previous section, there are three mass transfer processes occurring in series that are associated with recovery from a microdialysis probe. The probe samples analytes that are present in the extracellular matrix surrounding the probe. However, many times the analyte needs to diffuse from the regions farther away from the probe surface to the surrounding matrix in order to be sampled. For slow diffusing analytes, the recovery will be low, indicating that one will have to wait longer to obtain enough mass to be detected. In addition, diffusion of analyte can occur within the microdialysate due to Taylor dispersion while it is being pumped to the analysis system, compromising the temporal integrity of the zones. Such phenomena can be mitigated by increasing the flow rate or reducing the length and inner diameter of the tubing.
2.2.3.
Low temporal resolution studies-Online microdialysis systems can also be useful for studies where high temporal resolution is not essential. A classic example is pharmacokinetic experiments in which analysis is required every few minutes over a period of hours. Most drugs exhibit pharmacokinetic profiles (absorption-distribution-metabolism excretion) that last for a few hours to several days. Therefore, measuring the average concentration over a period of time (10-20 min) is sufficient for PK modeling studies.
Another application that does not require high temporal resolution but where continuous online monitoring is useful is the in vitro monitoring of products of bioreactors. Here, the time-course of the experiment is usually several hours or days. In this case, sample collection and analysis every 15min can provide adequate information regarding the progress of the reaction system [42] .
2.2.4.
Other considerations-The development of a robust interface between microdialysis sampling and the analytical system can be challenging. Tubing and connectors associated with such an interface can produce an increase in dead volume in the system that leads to a delayed response in online monitoring experiments as well as Taylor dispersion causing band broadening. For experiments involving awake, freely moving animals, there is the additional dead volume associated with the swivel that connects the probe to the analytical system. In extreme cases, the dialysis membrane itself can be the limiting factor with regard to temporal resolution [24] .
Microdialysis-liquid chromatography (MD-LC)
One of the most common separation methods used for online analysis of microdialysis samples is liquid chromatography (LC). Such a system usually consists of LC pumps, online injector with injection loop, LC column, detector, and data recorder (Fig. 5) . The online injector is an integral part of online MD-LC systems as such an instrument can load and inject samples from an injection loop continuously without the requirement for autosamplers and fraction collectors. Online sampling is usually accomplished using automated valves that reduce sample loss and make it possible to perform continuous monitoring. An early report by Steele and Lunte employed multiple sample loops to continuously inject microdialysis samples without having to divert any sample to waste. In this setup, no temporal information was lost by discarding sample, and each sample represented an integrated time period depending on the time of sample collection. This system was well suited for pharmacokinetic studies [43] . Such a system can be compared to segmented flow systems discussed later where minimal or no sample is wasted.
The choice of columns for online instruments has mostly been limited to microbore and capillary columns with internal diameters ranging form 0.5 to 2 mm, 100-250 mm in length, and particle size 5 µm. The primary advantage of using microbore columns for online systems is their ability to perform small volume sample analysis at low perfusion rate through the microdialysis probe. Also, because of smaller diameter, there is less analyte dilution, resulting in improved detection limits [44] .
One challenge of microbore and capillary LC separations is the need for low flow rate, pulse-free pumps as well as low dead volume and low dispersion requirements to minimize band broadening. Dead volume for microbore column systems can be reduced by minimizing the length and the internal diameter of all tubing; the flow cell for analysis also needs to have a low volume to avoid mixing and dispersion, all of which can increase band broadening. The use of microbore columns for analysis of tirazepam and its metabolites with an improved temporal resolution of 14 min compared to 23 min achieved with a conventional LC column was reported by McLaughlin et al. [19] . Online in vivo analysis of fluconazole in blood and dermis was performed by Mathy et al. These investigators reported an increase of temporal resolution from 40 to 24 min by using a microbore column [45] . Capillary liquid chromatography has also been employed with online systems employing mass spectrometric (MS) detection. Capillary columns are typically 50-500 µm in inner diameter and 5-200 cm in length. In addition to low sample volume requirements, these columns produced better ionization efficiencies resulting in improved limits of detection for MS [46] .
The detection method employed for online MD-LC systems is dependent on the analyte of interest (Table 1) . UV detection has been a popular detection scheme for online monitoring of drugs for pharmacokinetic studies. Electrochemical detection has been employed in a number of studies involving the detection of catecholamines and other redox active compounds of biological interest. Fluorescence detection (FL) has also been popular, but usually requires derivatization of analytes prior to analysis. One example of online MD-LC-FL was reported by Yoshitake et al. in which serotonin sampled from brain was derivatized post-column with benzylamine in the presence of potassium hexaferrocyanate [47] .
Mass spectrometric detection has also been employed for online MD-LC. Shackman et al. used MD-LC-MS to monitor acetylcholine in vivo with limits of detection of 8 amol [46] .
In another study, the pharmacokinetics of melatonin (administered i.v. in rats) was monitored over 15 h using online microdialysis with LC-MS/MS [48] .
There have been several applications of such online MD-LC systems over the past decade for in vivo monitoring of drugs, neurotransmitters, and other important biomolecules.
Applications included primarily pharmacokinetic, metabolism, and neurochemical studies.
Further information regarding the region of sampling, analyte of interest, and method of detection used for these studies can be found in Table 1 .
Comments
The narrow diameter of capillary LC columns offers the advantage of high mass sensitivity, low flow rate requirements, and low consumption of sample and reagents that are very suitable for online microdialysate analysis [49] . However, the separation times can be relatively long, which can be detrimental for designing systems with very high temporal resolution. In addition, the robustness of cLC columns is less than that of conventional LC columns, and specialized equipment is required to load samples to such columns, which can limit its applicability [50] .
Microdialysis-capillary electrophoresis (MD-CE)
Capillary electrophoresis (CE) is particularly attractive for the analysis of microdialysis samples because it has very low sample volume requirements (nL to pL) and can perform extremely fast separations. In CE, both the analysis speed and separation efficiency improve with field strength (in the absence of Joule heating). Therefore, by using very short capillaries and high field strengths, very fast, highly efficient separations can be accomplished. When microdialysis sampling is interfaced directly to CE, it is possible to make reproducible nanoliter injections of sample into the CE capillary. The electrophoretic separations range in duration from a few minutes to several seconds. This makes it possible to continuously monitor biological processes with excellent temporal resolution.
Laser-induced fluorescence (LIF) detection is the most popular method for online MD-CE, primarily because of its high sensitivity and the availability of inexpensive lasers and laserbased detectors. There are also a large number of reagents commercially available for fluorescence derivatization of amines, thiols, carbohydrates, carboxylic acids, and other functional groups. NDA (naphthalene-2,3-dicarboxaldehyde) and OPA (o-phthalaldehyde) are the most common reagents employed for the detection of amino acid neurotransmitters and other primary amines in vivo. Both of these reagents are fluorogenic and exhibit fast reaction kinetics, making them well suited for precolumn derivatization of amino acids prior to analysis by CE-LIF. Online reaction times for OPA/β-ME and NDA/CN with primary amines have been reported to be 10-30 and 120-240 s, respectively [51] . Table 2 summarizes experiments performed using online MD-CE. The relevant parameters listed include the tissue region of interest, analyte measured, and detection method.
A key component of online microdialysis-CE systems is the development of an interface that is capable of injecting discrete nanoliter-size sample plugs from continuous hydrodynamic flow from the microdialysis probe (µL). The first report of an online MD-CE system by Hogan et al. used a nanoliter injection valve as the interface between the MD system and the CE separation capillary with continuously running CE separation. Perfusate from the dialysis experiment was collected in the nanoliter injection loop of the valve, and a special transfer line delivered the sample from the valve to the separation capillary inlet. The system was used to monitor antineoplastic agents in blood with a temporal resolution of 90 s [52] . A similar system incorporating online derivatization with NDA/CN was used for monitoring aspartate and glutamate release in the brain [53] . Later, the transdermal delivery of nicotine was monitored using an online microdialysis-capillary electrophoresis system with electrochemical detection [54] . The system incorporated a carbon fiber working electrode and a cellulose acetate decoupler before the separation capillary to shield the animal from high voltage. The cutaneous nicotine concentration was monitored for 24 h following application of a Nicotrol patch. The temporal resolution was 10 min.
Lada et al. used a flow-gated interface instead of a valve to inject microdialysis samples into the separation capillary. This interface made it possible to perfuse the microdialysis probe at submicroliter per minute flow rates and still obtain temporal resolutions of 65-85 s [55] .
Subsequently, the same group demonstrated extremely fast separations of glutamate and aspartate using a short capillary (6.5 cm) with a temporal resolution of 12 s [24] . A similar system was utilized to separate and perform quantitative analysis of multiple neurotransmitters in the brain (45 s temporal resolution) using micellar electrokinetic chromatography (MEKC) [56] . A system designed with a sheath-flow cuvette for improved sensitivity (15-fold) (by reducing background fluorescence and laser scattering) was reported by Bowser and Kennedy [57] . The separation capillary (10 mm ID, 150 mm OD) outlet was connected to a quartz cuvette (outer dimension 2 mm × 2 mm; inner dimension 2 µm × 2 µm) and sheath buffer flow was maintained outside the capillary by a siphoning effect that resulted in laminar flow profile of the analytes leaving the capillary. This system was used to monitor amino acids in the brain of a freely moving animal. Seventeen amino acids were separated in 30 s following precolumn derivatization with NDA [51] .
The most popular application of online MD-CE systems in vivo has been measuring amino acid neurotransmitters in the brain. In general, the change in concentration from basal is measured following some sort of external stimulus. In most cases, a drug or other substance is added to the perfusate to evoke the response. A common experiment is that of high potassium stimulation, which causes the release of excitatory amino acids into the extracellular fluid [53, [56] [57] [58] [59] ]. An electropherogram produced from such an experiment is shown in Fig. 6 . The glutamate reuptake inhibitor L-trans-pyrrolidine-2,4-dicarboxylic acid (PDC) has also been administered via the microdialysis probe for monitoring glutamate and aspartate [24, 60] . Other experiments include monitoring changes in ascorbic acid following subcutaneous injection of amphetamine [55] , monitoring brain amino acids following intraperitoneal injections of saline (0.9%, v/v) and ethanol (20%, v/v) [51] , and monitoring dopamine in the brain following injection of cocaine [61] .
Comments
Compared to capillary LC, capillary electrophoresis can produce very fast analysis times due to application of high field strengths (30 kV). Therefore, high temporal resolution can be attained with online systems. The major drawback of online systems using fused silica capillaries is the need for connecting tubing between the microdialysis system and the capillary electrophoresis system that can lead to band broadening and loss of temporal resolution. This is particularly the case with awake animal systems that use liquid swivels. For extremely fast separations, very short capillaries are employed at high field strengths. In humid environments, arcing can be a problem. Lastly, the online systems using conventional capillary electrophoresis are relatively large and do not lend themselves to the development of on-animal analysis systems. In contrast, the microchip systems (next section) have the potential to be completely miniaturized for use in on-animal sensing.
Microdialysis-microchip electrophoresis (MD-MC)
More recently, microchip electrophoresis has become an attractive analytical platform for the online analysis of microdialysis samples (Table 3) . Microchips have several advantages for online analysis of microdialysis samples. These include the ability to manipulate samples on-chip using a combination of electroosmotic and hydrodynamic flow, integrated sample preparation or derivatization, nL to pL sample volume requirements, fast analysis times, and the ability to integrate the detector directly into the chip. Most of the research in this area has exploited one or both of the two major advantages of microchip-based devices. The first is the ability to perform very fast separations on-chip for monitoring fast biochemical processes. The second is miniaturization of the system for on-animal sensing.
Most of the work over the past several years has been focused on the development of interfaces between the microdialysis sampling system and the microchip electrophoresis system. The major challenge has been to develop an interface that can inject nL to pL volume samples continuously and reproducibly into the electrophoresis channel while still achieving adequate temporal resolution (frequency of injecting and analyzing samples) for the experiment of interest. Other challenges include interfacing the external tubing used for microdialysis sampling with the analysis chip. In addition, fast and efficient derivatization strategies must be incorporated online for detection of amino acid neurotransmitters and peptides.
Microdialysis sampling coupled to microchip electrophoresis for online analysis was first reported by Huyhn et al. [62] . The microchip device was fabricated from soda-lime glass and consisted of a twin T channel (Fig. 7A) . A continuous stream of perfusate was delivered to the microchip using a syringe pump that continuously perfused the cylindrical 4 mm CMA/12 microdialysis probe with 20 mM boric acid buffer. A commercially available microtight union (Upchurch Scientific) was used to connect the PEEK tubing from the microdialysis sampling system to the electrophoresis chip. Injection was accomplished using gated voltage that cut off the hydrodynamic flow at the injection cross, allowing introduction of a plug of sample into the separation channel for analysis. Such an injection scheme made it possible to continuously inject discrete plugs of microdialysis sample into the separation channel for fast electrophoretic separation of analyte. The system was used to successfully monitor the activity of the enzyme β-galactosidase. This enzyme catalyzes the hydrolysis of fluorescein mono-β-galactoside (FMG) to produce fluorescein. Both the substrate and the product were monitored using the online system with LIF detection (Fig.  7B) . The lag time (time needed for the device to respond to a concentration change) on this device was 5-7 min.
A similar setup was employed for online sampling, derivatization, and detection of an in vitro mixture of amino acids and peptides [63] . On-chip labeling of analytes was accomplished using NDA and 2-mercaptoethanol (2ME). The NDA and 2ME were dissolved in 20 mM borate buffer and were added to the run buffer reservoir. Following a gated injection scheme, the plug of sample reacted with the derivatization reagent at the beginning of the electrophoretic separation. The analytes were separated and detected with a temporal resolution of 30-40 s.
Kennedy's group employed a gated injection scheme to continuously monitor in vivo amino acid neurotransmitters using a microdialysis microchip setup with an effective temporal resolution of 2-4 min [64] . The chip device was fabricated from borosilicate glass (Fig. 8A) . Reaction channels were incorporated for the derivatization of the sample collected via a side-by-side microdialysis probe (fabricated in-house) implanted in the brain of an anesthetized rat. Precolumn reaction was achieved by mixing OPA and 2ME with the stream of microdialysate (Fig. 8B) . Following reaction, a gated injection scheme introduced plugs of sample into the separation channel for analysis by LIF. The interface in this device consisted of capillary tubing from the probe outlet connected to the chip via an Upchurch fitting.
A similar approach was employed by Cellar et al. for low-flow, push-pull-based microdialysis sampling. This system also employed online derivatization followed by injection into a short fused silica CE capillary for separation and LIF detection [65] . The chip incorporated a number of valves fabricated using a multilayer soft lithography technique and actuated by nitrogen gas pressure controlled by solenoid valves. In this and the previous study, changes in concentration of the endogenous amino acid neurotransmitter (glutamate) were monitored following perfusion with high potassium. The effect of administration of the glutamate reup-take inhibitor PDC through the microdialysis probe on extracellular glutamate was also investigated.
The use of a solenoid-controlled pneumatic valving method for sample injection in an online microdialysis microchip system has been described by the Martin group [41, 66] . The general design (Fig. 9) consists of one or two nitrogen-actuated PDMS microvalves that are used to inject or manipulate the flow of fluid within the chip. The CE separation channel is situated at a right angle to the flow channels. Sample injection was achieved by actuation of the valve at the flow channel/separation channel junction and was followed by electrophoresis and LIF or electrochemical detection.
In the first report, Li et al. used this approach for continuous injection and separation of fluorescein and dichlorofluorescein with temporal resolution of 20 s [66] . All fluids were delivered from the syringe pump or from the probe using a capillary. The lag and rise times (time needed for the response to change from 10% to 90% of the total change) were reported to be approximately 6 and 2min, respectively. More recently, amperometric detection has been incorporated into the system by Mecker and Martin. In this study, the stimulated release of dopamine from PC12 cells cultured in a Petri dish was monitored using a 5 mm cylindrical microdialysis probe placed over the cells. In this case, the lag time was approximately 5 min and the rise time was 2 min [41] .
The use of segmented flow to create reaction chambers for derivatization has also been investigated for online microdialysis-microchip electrophoresis. Wang et al. developed a system in which aqueous sample plugs were created in a stream of oil (perfluorodecalin) [67] . The frequency and size of the droplets were dependent on the relative perfusion rates of oil and water from the respective syringe pumps (Fig. 10A) . The plug of aqueous sample was interrogated at the end of a 7-cm-long capillary connected to the chip. With this system, glucose was measured online using glucose oxidase and Amplex Red (Fig. 10B) . The same reaction scheme was employed for monitoring extracellular glucose in rat brain by microdialysis sampling; a change in glucose concentration in the brain was brought about by perfusion of 100 mM potassium through the probe.
This interface has also been employed to perform electrophoretic separations from a continuous segmented flow, which can potentially be used for CE separation of microdialysis samples [68] . In this case, the chip consisted of a flow channel (75 µm deep and 250 µm wide) and an electrophoresis channel (7.5 µm deep and 20 µm wide) that were thermally bonded with a K-shaped interface overlap for sample injection (Fig. 11A) . Aqueous plugs were generated between the oil phase (perfluorodecalin) segments based on optimization studies reported previously by the Ismagilov group [69] .
For injection of discrete plugs for CE separation, two modes of injection were described. For the "discrete injector," a series of sample plugs was injected; the injection volume was dependent on the electrophoresis field strength and temporal width of the plug. For the "desegmenting injector," the sample plugs coalesce at the K junction from which electrokinetic injections can be made repeatedly for analysis. Primary amines were derivatized on-chip with NDA/CN and then analyzed using the injection schemes described above. A concentration change experiment was also performed with the amino acids in which the change in concentration from 1 µM to blank solution was registered on chip in 20 s (Fig. 11B) . These methods offer a more reliable way to analyze sample plugs by electrophoresis while still preserving temporal information.
Comments
The development of online microchip-based systems is ideal for studies requiring high temporal resolution. However, there can be several challenges associated with building such devices. First, the separation must be optimized and careful consideration needs to be given to the separation and identification of the analyte(s) of interest in the matrix being sampled.
Interfacing the electrophoretic separation with the hydrodynamic flow can be a long, drawnout process in which extensive investigation is required to determine the optimal microchannel design and dimensions for the specific application. For example, setting up repeated injections from a continuous flow of microdialysate can be challenging in a gated injection scheme.
Second, fabricating glass-based chips can be challenging in many lab facilities as it involves a high temperature thermal bonding step that can yield poor success rates. Glass microchips are commercially available for such applications but, for many labs, are cost prohibitive. Although PDMS microchip devices are easy to fabricate, they suffer from analyte adsorption and changing EOF. Several complex modification approaches have been suggested in the literature to reduce adsorption and maintain the EOF for a longer period of time on such devices [70] . Third, the performance of the chip is dependent on a number of factors such as removal of waste (reduce hydrostatic pressure) and frequent replenishment of buffer; integrating such steps on chip may require a fair degree of automation. Lastly, much of the equipment used for such systems must be custom built or is lab specific (e.g., software, power supplies). Therefore, a wide variety of technical resources and expertise needs to be available for developing these systems.
Microdialysis coupled to biosensors
Biosensors are analytical devices with a biological recognition element that produce an electrical signal in response to a biological change. An ideal biosensor should be able to perform continuous and reliable monitoring of analyte from complex body fluids from patients over a significant period of time. There are many types of biosensors. Many are enzyme-based and employ either electrochemical or optical detection. Online microdialysisbiosensor systems should be able to handle low sample volumes (uL) if high temporal resolution is required. Also, such systems should ideally exhibit high sensitivity and specificity for the analyte(s) of interest in the presence of other endogenous electroactive analytes [71] . A flow-through biosensor has been reported for direct coupling to continuous low-flow microdialysis. Analyte selectivity for glucose and lactate was achieved in this device using immobilized oxidore-ductase enzymes followed by amperometric detection of hydrogen peroxide [72] .
Online microdialysis sampling coupled to biosensors has been reported for analytes such as ascorbate [73] , glucose, lactate [74, 75] , and glutamate [74, 76, 77] . The simultaneous monitoring of glucose and lactate in rats under hypoxic conditions was reported by Jones et al. [78] . Yao et al. also reported an online system for multianalyte in vivo monitoring. The biosensor consisted of a triple enzyme electrode that selectively detected glucose, L-lactate, and pyruvate without significant cross-reactivity [79] . Similar flow injection-based online systems were described by the same group for L-glutamate, acetylcholine, and dopamine [80] and D-/L-lactic acid [81] .
Gramsbergen et al. developed an online system for glucose and lactate to monitor ischemic events in freely moving rats. The analytes were monitored by flow injection analysis with enzyme-based amperometric detection [82] . The development of a flow-through sensor with chemiluminescence detection for glucose monitoring in an awake rabbit has also been described [83] . Recently, online monitoring of glucose and lactate from rat brain was performed following ischemia and reperfusion. The sensor employed methylene green adsorbed on single-walled carbon nanotubes for detection [84] (Table 4) .
Comments
Biosensors can yield good temporal resolution since no separation step is required. However, most biosensors are developed for a single analyte, so it is not possible to analyze several compounds of a similar class (catecholamines, amino acids) simultaneously as it is with separation-based sensors. Microdialysis does have an advantage over placing the sensor directly into the tissue of interest in that the probe membrane will eliminate fouling and an immune response that could be generated by sensor implantation. In addition, sensor arrays have been found to be very useful for many types of analytes and are especially valuable in the clinical setting.
Concluding remarks
Microdialysis is a well-established sampling technique that has found application in many areas, most notably in monitoring biological compounds in vivo. Advances in fabrication technologies have led to the development of innovative microchip technologies suitable for real-world monitoring applications. Microdialysis/microchip systems offer several advantages, including lower cost, faster analysis for improved temporal resolution, and simplified connections and fittings for device fabrication and operation. While the performance of conventional bench-top systems is currently superior to that of the separation-based devices, initial reports clearly demonstrate the potential of coupling microdialysis to microchip platforms.
Future developments will see the optimization of device design and the investigation of alternative materials for microchip, electrode, and membrane fabrication. It is envisioned that further advances in fabrication and integration procedures will allow the development of implantable/wearable microdialysis/microchip systems for personal or on-animal monitoring. Integration of the separation-based systemswith powerful detection techniques such as mass spectrometry will further improve the detection capability of these systems for biological, pharmaceutical, and environmental monitoring. Sampling process across microdialysis probe membrane (from Plock and Kloft, [107] ).
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Anal Chim Acta. Author manuscript; available in PMC 2013 August 15. Relative and absolute recoveries of dopamine as a function of flow rate (from "Microdialysis-principles of recovery" by Agneta Eliasson, 1991). Setup of an online microdialysis-LC system (from Leggas et al. [97] ). [68] .) Table 3 Microdialysis-microchip electrophoresis.
Region of interest Analyte(s) Detection scheme
In vitro enzyme assay
Conversion of FMG to fluorescein by β-gal LIF [62] Rat brain striatum Glutamate LIF [64] In vitro analysis
Gly-Pro, Leu-Enk, glutamate, aspartate, fluorescein, dichlorofluorescein, GABA, serine, glycine LIF [63, 66, 68] In vitro analysis (PC12 cell) Dopamine EC [41] Anal Chim Acta. Author manuscript; available in PMC 2013 August 15.
